Experimental results are presented for the spreading of buoyant drops and gravity currents along a free surface. The spreading occurs at low Reynolds number, and no interfacial tension exists between the spreading and ambient fluid. Theoretical results suggest that distinct spreading rates occur in three regimes: Ӷ͓ln(R/a)͔ Ϫ1 a/R, a/RӶӶR/a, and ӷR/a, where is the ratio of the spreading and ambient fluid viscosities and R/a is the aspect ratio of the drop or current. Experimentally measured spreading rates in these three regimes show agreement with the theoretical solutions for long-term spreading. © 1998 American Institute of Physics.
A buoyant drop rising toward a free surface spreads laterally beneath the surface, driven by buoyancy forces. A buoyant fluid disk released at a free surface will spread similarly, as a gravity current along the surface. Figure 1 illustrates these geometrical and physical parameters for a spreading drop and a disk-shaped gravity current. The fluids have viscosity and density , with the subscripts 0, 1, and 2 referring to the ambient, spreading, and topmost fluids, respectively. Here we consider spreading for which the Reynolds number is much less than one and the fluids are miscible, the limits relevant to geophysical processes in the Earth's mantle. [1] [2] [3] The asymptotic spreading behavior of drops and currents depends upon their aspect ratio, R/a, and the viscosity contrast ϵ 1 , ͑2͒
and for high viscosity ratios, ӷR/a,
where relations ͑2͒ and ͑3͒ are derived by Koch and Koch. 5 We will refer to these three solutions as the intermediateviscosity, low-viscosity, and high-viscosity solutions, respectively. Koch and Koch 5 refer to these as lubrication, slenderbody, and stiff solutions, respectively, reflecting the approaches used to obtain Eqs. ͑1͒-͑3͒. A fourth spreading regime also exists, as shown by Lister and Stone for a drop in a rotating fluid. 6 Currents spend comparatively little time in this regime, however, and this limit is not considered here. In all cases, the spreading of drops and currents will approach the intermediate-viscosity solution at very long times. 5 For experiments in the high-and low-viscosity regimes, we injected the spreading fluid with a syringe into a cylinder 3.5 cm in diameter held at the surface of the ambient fluid. By lifting the cylinder, we released the spreading fluid as an axisymmetric gravity current. For experiments in the intermediate-viscosity range, we injected a buoyant drop of spreading fluid from a syringe attached to the tank base, allowing the drop to rise and spread below the free surface. Koch and Koch 5 show that spreading rates derived for gravity currents apply equally well to spreading drops. In experiments with ϭ0.099 and ϭ0.074, we used a graduated syringe to measure the volume of injected fluid. In all other experiments, we determined the spreading-fluid volume by weighing the apparatus and fluid before and after releasing the fluid. For experiments involving spreading drops, a layer of soybean oil 0.5 cm thick covered the ambient fluid in order to protect its surface from dust and to prevent the evaporation of water from forming a tough skin on the syrup. We also scraped the ambient fluid surface before performing Table  I lists spreading-fluid volumes and other relevant parameters for the experiments presented here.
For experiments in the low-and intermediate-viscosity regimes, we measured the spreading from a video image recorded by a camera positioned approximately 1 m above the free surface, thus reducing parallax errors in the measurements to Ϯ1 mm. A ruler or reference grid visible in the video image allowed us to convert the screen measurements to lengths. For experiments in the high-viscosity regime, we measured the current diameters directly with a ruler placed 1-2 mm above the free surface. In all experiments, we used the average of four different diameters of the currents, taken at 45°to one another, to determine the disk radius. The drops and currents remained axisymmetric during the experiments, and we did not observe any fingering instabilities. As a drop of fluid rises toward a free surface in a denser ambient fluid, a thin layer of the ambient fluid is trapped above the rising drop. This dense layer can penetrate downward through the spreading drop as a gravitational instability. Griffiths and Campbell 1 describe instabilities that begin as an axisymmetric ring and eventually develop a more complex, irregular structure ͑see Fig. 8 in Ref. 1͒ . We observed such ring-type instabilities by normalized times tϷ175 in the experiments with ϭ0.074 and ϭ0.099. Some preliminary experiments in the low-viscosity regime also demonstrated axisymmetric instabilities. In the experiment with ϭ0.24, we observed an instability in the form of radially directed ''spokes'' by normalized time tϷ300. Owing to experimental difficulties involved in reaching the limits of ϳO (1) and greater, we were unable to determine whether viscosity contrast played a role in the type or formation of any of the observed instabilities.
Gravitational instabilities can be detected from above only once they are well-developed, and it is likely that any of the instabilities' effects on the spreading would be present earlier than these times. Noting that for times after the instabilities' development the spreading exponent for the ϭ0.099 and ϭ0.074 experiments agrees with theoretical predictions, it is plausible to assume that the fully developed instability in these experiments merely changed the effective radius and/or density of the spreading drop ͑both of these affect the spreading-law proportionality constant͒, but did not affect the power-law dependence of the spreading. In order to eliminate any possible effects of these instabilities, however, we conducted experiments in the other two viscosity regimes using gravity currents released at the free surface. Figure 3͑a͒ shows data taken in the high-viscosity regime together with the asymptotic solution ͑3͒. The slope of the data in the high-viscosity limit continues to increase with increasing time. With time normalized by ⌬gR 0 / 1 , involving the viscosity of the spreading fluid rather than the ambient fluid, a fit to the data for tу50 gives Rϳt 0.45Ϯ0.03 . This slow approach of the data to the asymptotic solution is similar to the behavior of numerical solutions 5 in this viscosity limit. As in the other viscosity regimes, the spreading rate here should ultimately approach a t 1/5 behavior. Finally, for the low-viscosity regime shown in Fig. 3͑b͒ , the spreading current reaches the low-viscosity solution at t Ϸ600 and continues to follow the solution closely until t Ϸ1500, where time is normalized by the factor ⌬gR 0 / 0 . As it continues to spread, the current leaves the low-viscosity regime and appears to approach the intermediate-viscosity solution. Data from similar experiments performed by Griffiths and Campbell 1 should be governed by low-viscosity theory for intermediate times, and appear to undergo a similar transition at longer times, as seen in their Fig. 7͑a͒ .
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